In women, a single dose of the antiprogestin mifepristone (RU486) in the secretory phase rapidly renders the endometrium unreceptive and is followed by endometrial breakdown and menstruation within 72 h. This model provides a system to identify progesterone-regulated genes, which may be involved in endometrial receptivity and the induction of menstruation. We used cDNA microarrays to monitor the response of the endometriuim over 24 h following administration of mifepristone in the mid-secretory phase. We identified 571 transcripts whose expression was significantly altered, representing 131 biochemical pathways. These include new progesterone regulated members of the Wnt, matrix metalloproteinase (MMP), prostaglandin (PG) and chemokine regulatory pathways. Transcripts involved in thyroid hormone metabolism and signalling such as type II iodothyronine deiodinase and thyroid receptors were also found to be highly regulated by progesterone antagonism in the endometrium. Transcripts required for thyroid hormone synthesis such as thyroid peroxidase (TPO) and thyroglobulin (TG) were also expressed, indicating that the endometrium may be a site of thyroxin production. These results add to the existing knowledge of the role of the Wnt, chemokine, MMP and PG pathways in receptivity and early menstrual events. They provide in vivo evidence supporting direct or indirect regulation of many new transcripts by progesterone. We have also identified for the first time the very early transcriptional changes in vivo in response to progesterone withdrawal. This greatly increases our understanding of the pathways leading to menstruation and may provide new approaches to diagnose and treat menstrual disorders.
Introduction
The endometrium undergoes dramatic and characteristic changes during the menstrual cycle, in preparation for implantation of an embryo. During a natural cycle these changes are driven by estrogens and progesterone produced by the ovary. Following ovulation, during the secretory phase of the cycle, the glands and stroma undergo maturation in response to progesterone from the corpus luteum resulting in an endometrium which is receptive to embryonic implantation. This period of receptivity lasts 6 days during the mid-secretory phase, coinciding with peaking of serum progesterone levels. In the absence of embryo implantation, the corpus luteum involutes and progesterone levels decline, triggering menstruation. It is recognized that progesterone acts on an estrogen primed endometrium to initiate a pattern of gene expression important for implantation and the early stages of pregnancy. Conversely, withdrawal of progesterone results in changes in gene expression that rapidly render the endometrium unreceptive followed by endometrial breakdown and menstruation (Critchley et al., 2001; Jabbour et al., 2006) . However in women, only a limited number of progesterone-regulated genes have been identified, and our understanding of the molecular mechanisms by which these functional changes in endometrium occur is primitive. If these specific, progesterone-dependent molecules are identified, there is the potential for their use as markers of uterine receptivity, as targets for contraception or to better understand and treat menstrual disorders.
Progesterone exerts its effects mainly by binding the nuclear progesterone receptor (PR), which exists in two isoforms PRA and PRB. Both isoforms are expressed in the stroma and epithelium of the endometrium during the proliferative phase, however, expression of both decreases sharply in the epithelium in early to mid-secretory phase (Wang et al., 1998) . Endometrial receptivity appears to be tightly associated with the down-regulation of epithelial PR, and the stroma maintains expression only of PRA in the secretory phase (Lessey et al., 1988; Wang et al., 1998) . The antiprogestin mifepristone blocks the biological effects of progesterone by binding to the PR with high affinity. In women, a single dose of mifepristone (200 mg) in the secretory phase of the cycle rapidly renders the endometrium unreceptive, and has been shown to alter gene expression in the uterus within 6 h of oral administration (Hapangama et al., 2002; Danielsson et al., 2003) . These rapid actions are almost certainly due to direct effects on the endometrium since there is no detectable effect on circulating progesterone levels by this time (Garzo et al., 1988) . A direct effect of progesterone withdrawal on epithelial receptivity is supported by the finding that attachment of human embryos to endometrial epithelium in vitro is inhibited by prior treatment with antiprogestin (Petersen et al., 2005) . Following these effects on receptivity, the artificial progesterone withdrawal results in endometrial breakdown and menstruation within 72 h (Garzo et al., 1988) . It has been suggested that this menstrual bleeding is due to effects on endometrial blood vessels (Johannisson et al., 1989) . Mifepristone administered in the mid-secretory phase induced changes in capillary lumen area and in endothelial cells lining these vessels. Some of these effects may be due to the progesterone antagonist acting directly on endothelial cells, since human microvascular endometrial endothelial cells have been shown to be responsive to both estrogen and progestins (Krikun et al., 2005) . However, the majority of PR expression is in stromal cells and mifepristone has been shown to alter the expression of regulators of blood vessel function expressed in stroma and glands (Ghosh et al., 1998; Narvekar et al., 2006) . Many of the effects of mifepristone on blood vessels are therefore likely to be indirect due to blocking of the actions of progesterone in stromal cells.
This model therefore provides a system to identify progesteroneregulated genes, which are involved in endometrial receptivity and the induction of menstruation in women. This approach has recently been successfully used in mice to identify many new progesteroneregulated genes and pathways during the receptive period. If mifepristone is administered to mice on day 3 of pregnancy, 24 h prior to embryo attachment, the endometrium does not become receptive and implantation is prevented. Microarray analysis identified 140 transcripts altered by this treatment. Regulation of many of these genes by progesterone was confirmed using PR knockout mice (Cheon et al., 2002) . Significantly, several of the novel genes identified in this way have been shown to be functionally important in implantation in the mouse (Li et al., 2004) . However, extrapolation of the results from such animal experiments to humans is not easy because the effects of mifepristone depend upon the location of the isoforms of PR, which differ between species. Interpretation of the effects of mifepristone on the endometrium must also consider that mifepristone has both antagonist and agonist activities on the PR but also exhibits anti-glucocorticoid and anti-androgenic activities (reviewed in Chwalisz et al., 2000) . These receptors have subtly different distributions between species, and even within primates. For these reasons, we have sought to investigate the responses of human endometrium to progesterone withdrawal, using mifepristone in vivo.
We used cDNA microarrays to identify genes whose expression was altered by the administration of a single dose of mifepristone (200 mg) to women 8 days after the luteinising hormone surge (LH þ 8). Endometrial responses were measured using biopsies taken 6 or 24 h later. This strategy identified more than 500 genes altered by mifepristone in the endometrium. Many of these represent mediators of the rapid effects of mifepristone action on receptivity and vascular integrity. Using pathway analysis, we have identified biochemical pathways whose members show coordinate regulation. We describe five pathways in greater detail, four of which have been described previously in the endometrium and which may play a role in receptivity or the initiation of menstruation. These are the Wnt, chemokine, MMP and PG pathways. In this study, we identified new members of each pathway, whose expression in endometrium appears to be regulated by progesterone withdrawal. In addition, we provide novel evidence for the expression and steroidal regulation in endometrium of thyroid hormone signalling and metabolism. We also show expression of all the transcripts required for thyroxin production and discuss the possible role of thyroid hormone synthesis in the endometrium. For the first time, we are able to delineate in detail the early molecular responses to progesterone withdrawal in vivo. This has provided new insights into the mechanisms by which progesterone regulates endometrial receptivity and the early events leading to menstruation.
Materials and Methods

Patient treatment and tissue collection
To study the effects of mifepristone in vivo, women were recruited into a randomized study in Edinburgh as previously described (Hapangama et al., 2002) . Additional subjects were recruited in Helsinki. All subjects were healthy fertile women with a mean age of 34 years (range 26-45) who had regular menstrual cycles of 27-30 days, and had not used hormonal contraception, intrauterine device (IUD) or received hormone therapy for at least 2 months prior to the endometrial sampling. Timing of the LH-surge was identified by using a daily urinary dipstick. A single dose of 200 mg mifepristone was administered on cycle day LH þ 8 and endometrial biopsies taken either 6 (n ¼ 5) or 24 h (n ¼ 4) later. Endometrial biopsies (n ¼ 15) taken at cycle day LH þ 8 from untreated women were used as controls. Each specimen was assessed as normal by histological examination. For evaluation of gene expression changes throughout the cycle, we used endometrial samples taken from 36 normal fertile women attending Addenbrookes' Hospital, Cambridge for sterilization and who were not using hormonal contraception or IUD. In this case, endometrial biopsies were taken throughout the cycle and dated by a pathologist. All biopsies were divided into two pieces, one part being flash frozen in liquid nitrogen for RNA isolation, and the second was fixed in formalin for routine histology. Written informed consent was obtained from all patients, and this study was approved by the local research ethics committee of the hospitals involved.
Microarray gene profiling
Microarray analysis was performed using two custom made arrays representing a total of 16 000 different human cDNA clones, spotted in duplicate. The microarrays were produced in the microarray core facility, Department of Pathology, University of Cambridge. Details of the cDNA clones and the methods used in the array production have previously been reported (Rossi et al., 2005) . Total RNA was extracted from each biopsy as previously described (Catalano et al., 2003) . A reference cDNA was made from pooled endometrial total RNA samples from 15 different control individuals sampled during the mid-secretory phase. This was labelled with Cy3-deoxyuridine triphosphate. Endometrial samples taken from control (untreated) subjects and those administered mifepristone were labelled with Cy5-deoxyuridine triphosphate (Amersham-Pharmacia, Little Chalfont, UK), using the BioPrime DNA labelling kit (Invitrogen, Paisley, UK). Each Cy5-labelled mifepristone-treated or control sample was combined with an equal amount of the pooled Cy3-labelled reference. Labelled cDNA was purified using Autoseq G50 columns (Amersham), and hybridized in hybridization buffer containing 40 mg/ml human cot-1 DNA, 160 mg/ml poly dA and 80 mg/ml yeast tRNA for 16 h at 508C. Arrays were washed twice in 2 Â SSC, 0.5% SDS and twice in 0.1 Â SSC, 0.1% SDS for 5 min and twice in 0.1 Â SSC, each at room temperature. The fluorescence signal was acquired with a Genepix 4100 microarray scanner (Axon Instruments, Foster City, CA, USA) allowing the Cy5 hybridization signal for each spot to be compared to the Cy3 signal from the common reference.
Array analysis
Hybridization signals were quantified using BlueFuse 2.1 software (BlueGnome Ltd, Cambridge, UK). The raw spot intensity data were normalized per spot and per chip using GeneSpring 7.2 software with intensity dependent (Lowess) normalization (percentage of the data used for smoothing 10% and cut-off value of 0.01). Spots with poor morphology and low hybridization signals were removed using default confidence values with BlueFuse software. Genes that showed statistically significant changes were identified using the parametric Welch t-test and using Benjamini and Hochberg false discovery rate correction for multiple testing. GeneSpring 7.2 software was utilized for pathway identification.
Real-time RT-PCR
Array verification was preformed by real-time RT-PCR analysis of selected genes using an ABI PRISM 7700 sequence detection system according to the manufacturer's instructions (Applied Biosystems, Warrington, UK). The sequences of primers and Taqman probe for IGFBP3 were as published previously (Horcajadas et al., 2006) . For ribosomal 18S RNA, MMP7 and CXCL1, prevalidated primers and probes were purchased (Assays-on-Demand, Applied Biosystems). Primers for real-time RT-PCR using SYBR Green detection for Wnt5A, thyroid hormone receptors alpha 1(THRA1), THRA2, thyroid hormone receptors beta 1 (THRB1), DIO2 and TG were also designed using Primer Express v5.0 (Table 1) . Standard curves were generated by serial dilution of cDNA prepared from mid-secretory endometrium. Data are expressed in arbitrary units relative to the level of the same gene in this standard RNA. cDNA was produced from each endometrial sample by reverse transcription using 0.5 mg of total RNA with 200 units of SuperScript III (Invitrogen) primed with random hexamers according to the manufacturer's instructions. The values obtained were normalized against those from ribosomal 18S RNA to account for differing amounts of starting material. Expression levels in endometrial biopsies from different subject groups were compared using the non-parametric Mann-Whitney test; statistical significance was accepted when P , 0.05. Presence or absence in endometrium of transcripts encoding TPO, the thyroid stimulating hormone receptor (TSHR), thyroid stimulating hormone beta subunit (TSHB) and the common alpha subunit (CGA) was investigated by RT-PCR and gel-based analysis of the amplified products. These additional primers are also shown in Table 1 .
Results
Identifying genes altered by mifepristone administration in vivo
Endometrial biopsies were collected at either 6 or 24 h after a single dose of 200 mg of mifepristone administered on cycle day LH þ 8. Endometrial biopsies collected from women at LH þ 8 who did not receive mifepristone were used as controls. RNA from each sample was labelled with Cy5 and hybridized together with a common Cy3 labelled reference (pooled mid-secretory endometrium) to two microarrays containing 16 000 human cDNAs. Gene profiling identified 103 transcripts that were significantly down-regulated and 186 transcripts that were up-regulated by ! 2-fold at 6 h following mifepristone administration, compared with the control group (P , 0.05). At 24 h, 126 transcripts were down-regulated and 242 transcripts were up-regulated compared with the control group. In total, 571 genes (3.6%) displayed significant changes of ! 2-fold, following administration of mifepristone in the mid-secretory phase (Supplementary material, Table S4 ). The results of this analysis are shown in representative scatter plots ( Fig. 1 ). Mean intensity values for each of the 289 significantly changing transcripts at 6 h ( Fig. 1A ) and the 368 transcripts altered at 24 h ( Fig. 1B ) are shown compared with values from the control subjects. Of the 289 transcripts, whose expression changed ! 2-fold at 6 h following mifepristone administration, only 86 of these have sustained a ! 2-fold change in expression at 24 h; the remaining 203 transcripts returned to similar levels as in the control (untreated) subjects. Table 2 shows genes that significantly change ! 2.5-fold at either time point after administration of mifepristone (P , 0.05). The table includes 181 genes that are grouped according to their expression profiles based on whether they show a significant change in expression at each time point.
Verification of microarray changes by real-time RT -PCR
Real-time RT-PCR was used to verify the changes in RNA expression levels for selected transcripts identified by the cDNA array analysis. Four genes: MMP7, CXCL1, Wnt5A and IGFBP3, representing different expression profiles after mifepristone administration, were chosen for verification. cDNA was synthesized from the same total RNA samples used for the array analysis. MMP7 expression increased by a mean of 3.9-fold, IGFBP3 by a mean of 3.5-fold, Wnt5A by a mean of 1.7-fold and CXCL1 decreased by a mean of 3.1-fold compared with control samples at 24 h (Fig. 2) . The difference in expression level 24 h after mifepristone administration was statistically significant compared to controls for all four transcripts (P , 0.03). These results are in good agreement with the microarray analysis. We therefore believe the gene list generated by the cDNA array analysis reflects reliable changes in gene expression in vivo.
Pathway analysis
Pathway analysis was used to identify if particular biochemical pathways or protein families were being co-regulated. This allows large gene lists to be ordered into a smaller list of pathways, and genes can be visualized as part of a network of interactions. The KEGG database was searched with the 571 transcripts shown to be altered by mifepristone. The analysis revealed 131 different regulatory and biochemical pathways to be affected with mifepristone. Many are involved in metabolic processes, such as fatty acid and carbohydrate metabolism (Supplementary material, Table S5 ). Pathways that showed the greatest numbers of genes affected included cytokine/ receptor interactions, Wnt signalling, cell communication and extracellular matrix (ECM)-receptor interaction. We have focused on five pathways, in particular, in which several members showed altered gene expression following mifepristone administration: the MMPs, chemokines, PG metabolism, thyroid hormone metabolism and Wnt pathways (Table 3) . Several MMPs were dramatically up-regulated, including MMP10 and MMP3 by 99-and 75-fold, respectively. ECM degradation and MMP up-regulation are well-documented Wnt5A  accacatgcagtacatcggag  gaggtgttatccacagtgctg  THRA1  gctgcaggctgtgctgcta  cgatcatgcggaggtcagt  THRA2  caaacacaacattccgcacttc  gcccccttgtacagaatcga  THRB1  gtgtctcaagtgcccagacctt  cacagagctgtccttgtctaagtaa  THRB2  aagtgcagtcgccatcgtatt  ggtttgtcaccacaacactacac  DIO2  actcggtcattctgctcaag  attgccactgttgtcacctc  TG  gtcggccaatatcttcgagt  gctgcacatcacactgaaca  TPO  tgtctgtcacgctggttatg  gcttgttggctcaggaagt  TSHIR  ttgctggacgtgtctcaaacc  agcagtggcttgggtaagaaa  TSHB  tgtgggcaagcgatgtctttt  gggacagagcatatttgggaag  CGA gggtgccccaatacttcagtg ctacacagcaagtggactctg Continued effects of progesterone withdrawal/antagonism (Lockwood et al., 1998; Critchley et al., 2003) , but the arrays show that not only are MMPs increased but expression of their collagen substrates, collagen type II and type IV, was decreased. These novel data show that the expression profiles of MMP10 and MMP3 (expression group 6 of Table 1 ) are inversely correlated to their collagen and laminin substrates that they degrade (groups 1, 2 and 3, of Table 1 ), suggesting co-regulation. Interestingly, the collagen receptor CD36 is also downregulated. We also showed up-regulation of tissue plasminogen activator (PLAT), activin A (INHBA) and follistatin related gene (FSTL3), which would enhance tissue remodelling. The Wnt family ligand Wnt5a and four Wnt receptors were up-regulated, together with b-catenin the downstream regulator of Wnt pathway activation and axin2, a regulator of b-catenin stability. Several key enzymes involved in PG synthesis and metabolism were down-regulated including PG D2 synthase (PTGDS), hydroxyprostaglandin dehydrogenase (HPGD) and PG-endoperoxide synthase 1 (PTGS1). Expression of members of the chemokine family was affected with the majority of C-C motif members being down-regulated and several C-X-C motif members being up-regulated after 6 h. Although Transcripts were classified into each group based on whether they showed a statistically significant change at that time point compared with the control patients. The fold change is only given when the change seen was statistically significant. some members of these pathways have previously been identified as steroid regulated in endometrium, we have now identified new members of each family that appear to be altered by acute progesterone withdrawal during the mid-to late-secretory phase. More significantly, the analysis revealed several uncharacterized pathways not previously known to be expressed in the endometrium or regulated by progesterone; in particular that of thyroid hormone metabolism and signalling (Table 3) . Deiodinase, iodothyronine type II (DIO2), an enzyme that converts thyroxin (T4) to the more active metabolite T3, was up-regulated in both 6 and 24 h samples by up to 13-fold. THRA and THRB were shown to be differentially regulated by mifepristone. The analysis indicates that both thyroid hormone activation and thyroid receptor signalling are regulated in endometrial cells by progesterone.
Components of thyroid hormone signalling pathway are expressed in the endometrium
The thyroid signalling pathway consists of a complex group of proteins which regulate thyroid hormone synthesis, activation and transactivation of gene transcription by the nuclear receptors. Transcripts representing the majority of the components of the thyroid signalling pathway were found to be expressed in the endometrium, although for most their expression was not altered by mifepristone (Fig. 3A) . Expression of the following genes was detected: several members of the thyroid interacting protein families 3, 4, 6, 10, 11, 12 and 15; thyroid transcription factor 1, thyroid hormone associated proteins 1 and 4 and the thyroid hormone receptors THRA and THRB. Interestingly, we also detected the expression of transcripts involved in thyroxin synthesis and activation including the sodium iodide symporter (SLC5A5) that actively transports iodide across the plasma membrane, P4HB a molecular chaperone involved in endocytosis of immature TG molecules and DIO2. The major proteins involved in thyroid hormone synthesis and signalling are shown in Fig. 4 . Several key members of these pathways were absent from the array. To confirm their expression and to detect other key genes in the pathway not printed on the array, we performed RT-PCR using gene specific primers on the pooled reference mid-secretory endometrial cDNA (as used for the microarrays). Additional transcripts tested included TG, TPO, TSHB, CGA and TSHR, which stimulates iodide uptake. We also utilized primers able to distinguish the different splice variants of the THRA and THRB. The results verified endometrial expression of all transcripts tested except THRB2 and TSHB (Fig. 3B ). The amplified product resulting from amplification with the TG specific primers was purified and sequenced, which confirmed the product as the transcript encoding TG.
Effects of mifepristone on thyroid hormone signalling pathways in the endometrium
The array analysis indicated that expression levels of DIO2 and the two thyroid hormone receptors THRA and THRB were altered by mifepristone (Table 3 ). Real-time PCR was used to determine the effects of mifepristone on the different receptor isoforms, and on DIO2 and TG expression. Expression of THRA1 and THRA2 was significantly down-regulated at both 6 and 24 h after mifepristone administration, whereas THRB1 expression was increased (Fig. 5) . The real-time PCR analysis verified that DIO2 expression was significantly increased, by 7.8-fold at 24 h compared with controls, in line with the array data. Expression of the transcript encoding TG was decreased at both 6 and 24 h by up to 3-fold (Fig. 5) . The array data together with the RT-PCR indicate that mifepristone can modify expression of transcripts encoding key components of thyroid hormone synthesis and metabolism as well as thyroid hormone receptor expression.
Expression of thyroid hormone signalling components during the menstrual cycle
Quantitative analysis of expression of transcripts for thyroid hormone receptors and TG in the human endometrium through the menstrual cycle has not previously been reported. We examined their expression during the menstrual cycle by real-time PCR on endometrial samples from menstrual (n ¼ 7), proliferative (n ¼ 11) and secretory (n ¼ 18) phases. THRA1 and THRB1 expression significantly increased Relative levels of transcripts for MMP7, IGFBP3, CXCL1 and Wnt5A were quantified by real-time RT-PCR from control subjects, and from subjects either 6 or 24 h after administration of mifepristone. Expression levels were measured relative to a standard RNA sample. The graphs show mean expression levels in arbitrary units for MMP7, IGFBP3, CXCL1 and Wnt5A relative to ribosomal 18S RNA to correct for differences in sample loading. Control is tissue from cycle day LH þ 8 with no treatment (n ¼ 15), RU 6 h and RU 24 h is tissue collected 6 (n ¼ 5) and 24 h (n ¼ 4) after mifepristone (RU486) administration. The median fold change, direction of change and P-value is indicated (non-paired Mann-Whitney test; n/s, not significant). These results compare well with the corresponding values from the microarray analysis (Table 2) 1.6-and 5.5-fold, respectively, from proliferative to secretory phase. THRA2 expression did not significantly change between the two phases. TG expression significantly increased 4.4-fold from the proliferative to mid-secretory phase. Expression of all these transcripts fell dramatically after the secretory phase to low levels during menstruation (Fig. 6 ).
Discussion
We have exploited the properties of mifepristone to induce pharmacological withdrawal of progesterone in order to identify genes regulated during the loss of receptivity and early events leading to menstruation. These results are in marked contrast to those obtained when we used explant cultures of secretory phase endometrium to examine the effect of mifepristone on endometrial gene expression (Catalano et al., 2003) . Although that study employed a much smaller array, only a small number of transcripts were identified, suggesting that explants do not reflect the dynamic responses to steroids that we have seen in vivo. An early response to progesterone withdrawal in the secretory phase is a rapid influx of leukocytes such as neutrophils, macrophages and uterine NK cells prior to menstruation itself (Salamonsen and Lathbury, 2000) . Since these endometrial leukocytes lack significant expression of genomic PR, this effect must be indirect (Henderson et al., 2003) . Progesterone withdrawal is known to up-regulate a variety of inflammatory mediators such as the chemokines IL-8 (CXCL8) and MCP-1 (CCL2) (Critchley et al., 1999) . Other chemokines increase in endometrium during the secretory phase, which suggests regulation by progesterone, but no direct evidence for this was produced in that study . Our array analysis has identified several chemokines, which appear to be regulated by progesterone withdrawal. The CXC chemokines CXCL5, CXCL12 and CX3CL1 were rapidly up-regulated by mifepristone. These CXC chemokines are probably directly regulated by progesterone and may be responsible for the perimenstrual influx of neutrophils. It has previously been suggested that CX3CL1 is involved in the initial recruitment of leukocytes premenstrually since CX3CL1 production increases in glands, stroma and in vascular endothelium at this time. The corresponding receptor CX3CR1 is also expressed on Groups correspond to those in Table 2 . Fold change indicates mean change in expression relative to control patients. endometrial neutrophils and macrophages, especially, those in or immediately surrounding vessels . In contrast, chemokines MCP4 (CCL13), CCL3, MCP2 (CCL8), GRO1 (CXCL1) and GRO3 (CXCL13) were all down-regulated by mifepristone. The blastocyst and invasive trophoblast cells express chemokine receptors suggesting that some of these endometrial-derived chemokines may be involved in crosstalk between endometrium and embryo/trophoblast during the initial attachment (Sato et al., 2003) . Down-regulation of these chemokines by mifepristone suggests that the role of these chemokines is rather in preparation for pregnancy than for menstruation. It is important to note that these effects, though rapid, may nonetheless be indirect. Progesterone withdrawal also alters levels of powerful inflammatory mediators such as IL-1b, and we have recently shown that IL-1b up-regulates multiple chemokines in endometrial stromal cells including CXCL5 (Rossi et al., 2005) . It is likely that such indirect mechanisms contribute to the up-regulation of CXCL5 that we have shown by progesterone antagonism in vivo.
MMPs play a critical role in tissue breakdown and repair and a marked increase in endometrial expression of MMPs occurs just before and during menstruation. As expected, the microarray analysis showed that MMPs 3, 7, 10, 14 and 16 were up-regulated following mifepristone administration. Progesterone is known to suppress MMP expression in endometrium by a number of mechanisms (Rodgers et al., 1994) . Focal MMP7 expression in the epithelium is an early response to progesterone withdrawal and is due to stromal-to-epithelial signalling mediated by transforming growth factor-b (Bruner et al., 1995) . MMP3 is up-regulated peri-menstrually in vascular structures such as pericytes and smooth muscle cells and it has been suggested that it initiates degradation of the vascular wall during menstrual breakdown (Hampton and Salamonsen 1994; Freitas et al., 1999) . MMPs perform a critical role in endothelial cell migration through the interstitial spaces (Sang, 1998) . Fibrinolysis by MMP14 on endothelial cells is critical for neovascularization (Hiraoka et al., 1998) and MMP16 is thought to play a role in the regulation of tube formation by endometrial microvascular endothelial cells (Plaisier et al., 2004) . MMP14 and MMP16 are membrane anchored MMPs both of which were up-regulated following mifepristone administration. MMP14 is expressed throughout the menstrual cycle with a moderate increase during menstruation and activates proMMP2 in endometrium following progesterone withdrawal (Zhang et al., 2000) . MMP-10 has recently been demonstrated to be significantly up-regulated in response to physiological progesterone withdrawal (luteal regression) Talbi et al., 2006) . The array data confirm not only that progesterone withdrawal regulates tissue breakdown but also up-regulates MMPs known to be involved in the development of new blood vessels.
Most MMPs are secreted as inactive zymogens (pro-MMPs). These are activated either by other MMPs or by the urokinase PA (uPA)plasmin system (Carmeliet et al., 1997) . PA activity in endometrial explants is regulated primarily by changes in the expression of PA inhibitor 1 (PAI1) (Lockwood et al., 1995) . Progesterone inhibits the secretion of PAs (Casslen et al., 1986) and stimulates the expression of PAI1 (Casslen et al., 1992) , indicating a control of this system by sex steroids during the menstrual cycle and its release before menstruation (Marbaix et al., 2000) . The array data confirmed the down-regulation of PAI1 (official gene symbol SERPINE1) and up-regulation of PLAT, by mifepristone suggesting coordinated regulation of SERPINE1 and PLAT by the PR in vivo. Activin A (INHBA) is known to promote decidualization and stimulate production of proMMPs-2, -3, -7, -9 and active MMP2 and its activity is modulated by follistatin and FSTL3 (Maguer-Satta et al., 2001; Jones et al., 2002 Jones et al., , 2006 . We found that progesterone withdrawal up-regulated INHBA and down-regulated FSTL3. Indeed one of the striking findings from the array analysis is the coordinated up-regulation of MMPs and their activators such as PLAT (Table 3 ) and the down-regulation of MMP inhibitors such as SERPINE1 and various substrates of MMPs in the ECM such as collagens and laminins. Thus progesterone withdrawal induced by mifepristone results in co-regulation in vivo of several genes that contribute to increased ECM degradation.
Wnt proteins comprise a family of secreted ligands that bind to the frizzled (FZD) cell surface receptors, resulting in regulation of transcription by b-catenin. Wnt signalling plays important roles in the uterus both during development and at implantation, where they may be involved in embryo/endometrial signalling (Miller and Sassoon, 1998; Mohamed et al., 2005) . We found several members of the Wnt signalling pathway were up-regulated by mifepristone administration including the Wnt receptors (FZD 4, 6, 9 and 10) , ligands (Wnt5A and SFRP1) and the signal transduction molecules beta-catenin and axin2. This correlates with published data showing expression of several members of this family changes through the cycle, and demonstrates that they are regulated by progesterone in vivo (Talbi et al., 2006) . The coordinated up-regulation of the Wnt receptors and Wnt5A in human endometrium by mifepristone suggests that this signalling system may mediate epithelial/mesenchyme interactions during menstruation and endometrial repair.
It is well established that the onset of menstruation is associated with increased local PG production in the endometrium (Baird et al., 1996) . Mifepristone administration down-regulated several prostanoid metabolising enzymes and up-regulated the PG I2 receptor (PTGIR). This is consistent with previous reports that expression of PTGIR increases during menstruation where it is localized to the glandular epithelium, stroma and endothelial cells (Battersby et al., 2004) . At the same time, production of PGI 2 in the endometrium also rises and elevated levels of PGI 2 are associated with heavy menstrual bleeding (menorrhagia) (Cameron et al., 1987) . Hydroxyprostaglandin dehydrogenase 15 (HPGD) metabolises PGs to inactive metabolites and is known to be induced by progesterone. Mifepristone administration in vivo has previously been shown to decrease HPGD immunostaining in endometrium (Hapangama et al., 2002) , which is consistent with the down-regulation of HPGD mRNA seen 24 h after mifepristone in the present study. COX1 is expressed in the glandular and luminal epithelium and has been shown to decrease after mifepristone treatment in the luteal phase in agreement with our findings (Marions and Danielsson, 1999) . PTGDS converts PGH2 to PGD2 and the down-regulation of PTGDS by mifepristone is similar to the decrease reported recently during physiological withdrawal of progesterone due to luteal regression Talbi et al., 2006) . This would be expected to change the balance of production of these two PGs. The up-regulation of inflammatory mediators such as PGs by progesterone withdrawal at menstruation may have two roles: they may mediate the leukocyte influx and activation in the endometrium, and increased PG production is also almost certainly involved in the vasoconstriction of endometrial spiral arteries. Figure 4 : Diagrammatic representation of the expression of thyroid hormone synthesis and signalling components in the human endometrium. All boxed genes indicate expression was detected in the endometrium either by RT-PCR or microarray. Thyroid hormone synthesis involves the coupling of iodinated tyrosine residues by TPO and iodination of TG. In the thyroid gland, TG is stored extracellularly. Release of thyroid hormones requires uptake of TG by endocytosis aided by molecular chaperones such as P4HB. Hydrolysis of the TG releases predominantly tetra-iodothyronine (T4) and also tri-iodothyronine (T3). In target tissues, T4 is metabolised to T3 by DIO2 enabling T3 binding to thyroid hormone receptors. A host of co-regulatory receptor proteins assist in regulating gene transcription. Thyroid hormone synthesis and release is controlled by TSH, which is composed of two subunits TSHB and common CGA. Signalling through the TSHR controls the uptake of iodide through a sodium iodide symporter (SLC5A5) and the iodination of TG. These events are based on thyroid hormone synthesis in the follicular cells of the thyroid gland The array studies also showed that mifepristone altered the expression of transcripts involved in thyroid hormone metabolism and signalling. Thyroxin (T4) is the major secreted iodothyronine. In target tissues, DIO2 catalyses the deiodination of T4 to T3 as the first step in the activation of the prohormone. The T3 concentration in different tissues varies according to the balance of DIO2 and DIO3 (which inactivates T4 or T3). DIO2 expression in humans has been localized exclusively in the endometrial stroma throughout the menstrual cycle (Allan et al., 2003) . The up-regulation of DIO2 by mifepristone, confirmed by real-time PCR, is the first report indicating progesterone regulation of DIO2 in the human endometrium. This would be expected to increase local levels of T3 available for receptor binding. Non-genomic actions of thyroid hormones have been described and thyroid hormone has been demonstrated to have a pro-angiogenic effect, initiated at the plasma membrane by interaction with integrin avb3 (Mousa et al., 2005) . In rats, both T3 and GH are required for the full decidual response of the endometrium to an implantation stimulus (Kennedy and Doktorcik, 1988) . DIO2 in the subepithelial stromal cells may be required for generating the appropriate levels of intracellular T3 required to coordinate the uterine decidual response to implantation.
The genomic actions of thyroid hormone are mediated by the receptors THRA and THRB. Although alternative splicing generates nine mRNA isoforms, only THRa1, a2, b1 and b2 are known to be expressed as proteins in vivo. Real-time RT-PCR showed that THRa1 and a2 were down-regulated and THRb1 up-regulated by mifepristone, indicating regulation by PR. These transcripts also showed evidence of steroidal regulation during the menstrual cycle, with levels at their highest during the secretory phase. Using immunohistochemistry, THRa1 and THRb1 expression has been reported localized in the stroma, luminal and glandular epithelium, increasing in the glandular and luminal epithelium in mid-secretory phase (Aghajanova et al., 2005) . The protein expression data therefore correlate well with our real-time PCR. We also found many of the co-regulatory proteins that modulate the functions of DNA-bound THRs were expressed in endometrium. Although mifepristone administration did not affect their expression, they may be involved in regulating thyroid receptor signalling in the endometrium. More surprisingly, we found expression of factors required for thyroid hormone synthesis in the endometrium including SLC5A5, a sodium iodide symporter; P4HB, a TG molecular chaperone and TG itself, which undergoes iodination and cleavage to produce the prohormone T4. Real-time PCR analysis of TG expression through the menstrual cycle revealed a significant increase in the secretory phase and downregulation by mifepristone, suggesting that expression of TG is stimulated by progesterone. TG mRNA and immunoreactivity have been reported in tissues other than the thyroid gland, including the kidney and lymphocytes (Sellitti et al., 2000; Bugalho et al., 2001) . However, we were unable to detect TG protein by immunohistochemistry or immunoblotting in either proliferative or secretory phase endometrium (data not shown). We were therefore not able to confirm the potential for local synthesis of T4 in non-pregnant endometrium in this study. Uptake of iodine and coupling to TG in the thyroid is controlled by thyroid secreting hormone (TSH) through activation of its receptor TSHR. The existence of TSHR in extrathyroidal tissues has been reported, although their functional role has not been clarified (Haraguchi et al., 1996) . The presence of TSHR transcripts that we found in the endometrium may underpin the abnormalities of menstrual bleeding and subfertility common in women with primary hypothyroidism, where systemic TSH is elevated and hypothesized to be acting directly on the uterus (Poppe and Velkeniers, 2004) . Taken together, our expression data suggest that the molecular components necessary to synthesise and metabolise thyroid hormone are Figure 5 : Real-time RT-PCR analysis of the effects of mifepristone administration in vivo after 6 and 24 h compared to untreated controls. The graphs show mean expression levels in arbitrary units for THRA1, THRA2, THRB1, TG and DIO2 relative to a reference RNA sample, after correction for loading differences using ribosomal 18S RNA. Control tissue was collected at LH þ 8 (n ¼ 15), RU486 treated tissue was collected 6 h (n ¼ 5) and 24 h (n ¼ 4) after mifepristone administration. Fold change, direction of change and P-value (non-paired Mann-Whitney test) is indicated for each treatment compared with controls. THRA1, THRA2 and TG expression was decreased by mifepristone administration and DIO2 and THRB1 were increased expressed in the endometrium, together with THRs and the associated receptor modifiers.
Thyroid dysfunction is a condition known to reduce the likelihood of pregnancy, but is currently viewed in terms of effects on hypothalamic, pituitary or ovarian function by interfering with normal GnRH and LH secretion, FSH function and estrogen metabolism (reviewed in Poppe and Velkeniers, 2004) . Hypothyroidism diminishes the growth response of all major uterine cell types to estrogen (Gardner et al., 1978) and hypothyroid women exhibit a number of reproductive disorders, including menstrual cycle aberration (often heavy and/ or irregular menses) and infertility. Thyroid hormone-deficient rats have abnormal uteri, with reduced endometrial thickness (Inuwa and Williams, 1996) . Hyperthyroidism is associated with menstrual irregularities, although most hyperthyroid women remain ovulatory. The presence of antithyroid antibodies, specifically against TG and TPO has been significantly associated with pregnancy loss and poor IVF outcome (Bussen et al., 2000) . Our results suggest the possibility that these effects could be due in part to the fact that T4 metabolism and signalling in the endometrium are important during the preparation for implantation and also in the endometrial response to progesterone withdrawal.
Several previous studies have employed microarrays to identify gene expression changes in endometrium in response to progesterone in vivo (Kao et al., 2002; Borthwick et al., 2003; Riesewijk et al 2003; Ponnampalam et al 2004; Talbi et al., 2006) . However, most have focused on transcripts which alter during the transition from the proliferative or early secretory phases (when oestrogen dominates) to the mid-secretory phase when the endometrium differentiates and becomes receptive in response to progesterone. Of these studies, only two appear comparable to ours. Both identified transcripts that alter between the mid-and late-secretory stages of natural cycles Talbi et al., 2006) . Many of these changes are likely to be due to the natural decline in progesterone that occurs about this time, but there is inevitably heterogeneity in timing and levels of hormone between subjects. This makes it difficult to study the early events initiated by progesterone withdrawal. The use of timed biopsies after pharmacological progesterone withdrawal in our study has now allowed us to examine in detail the time-course of these early responses. Comparison of these three studies will allow identification of a subset of common genes for which our mifepristone administration data provide strong evidence of direct regulation by the PR in vivo. The detailed information we have now provided about the early events in response to progesterone withdrawal will be useful in generating a detailed understanding of the pathways by which this leads to menstruation and is likely to provide new avenues to diagnose and treat menstrual bleeding disorders.
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Supplementary data are available at http://molehr.oxfordjournals.org Figure 6 : Real-time RT-PCR analysis of THRA1, THRA2, THRB1 and TG throughout the menstrual cycle. Graphs indicate mean levels of expression in arbitrary units measured for each cDNA sample relative to a reference RNA and the values were corrected for differences in loading relative to the 18S ribosomal RNA. Fold change, direction of change and P-value (non-paired Mann-Whitney) is indicated for comparison of proliferative versus secretory phases, M, menstrual (n ¼ 7); P, proliferative (n ¼ 11); S, mid-secretory (n ¼ 17). Expression of THRA1, THRB1 and TG was increased by 1.6-, 5.5-and 4.4-fold, respectively, in secretory compared with proliferative endometrium.
